INTRODUCTION
============

Noninvasive measurement of tissue responses when performing electrical stimulation on a patient is indispensible in ensuring the effectiveness of clinical applications \[[@b1-inj-1734878-439]\]. Voltage-controlled electrical stimulation such as electroporation applies electric pulses with high intensity to enhance cell membrane permeability \[[@b2-inj-1734878-439],[@b3-inj-1734878-439]\]. By controlling the membrane permeability, electroporation is highly efficient for the introduction of foreign genes into cells \[[@b4-inj-1734878-439]\]. Despite its remarkable effects in cancer therapy, tissue response is still unclear owing to limitations in imaging capabilities. The development of electric field mapping methods for electrical stimulation is, therefore, essential for its applications in the clinical environment.

Magnetic resonance (MR)-based tissue property mapping is an emerging technique that utilizes MR scanner to obtain noninvasive information concerning electrical tissue properties such as conductivity and permittivity \[[@b5-inj-1734878-439]-[@b8-inj-1734878-439]\]. Such electromagnetic tissue properties provide alternative information on tissue structure and function, and can serve as a good complement to the information provided by traditional magnetic resonance imaging (MRI) methods \[[@b9-inj-1734878-439]-[@b11-inj-1734878-439]\]. The recent magnetic resonance electrical impedance tomography (MREIT) method enables the highly resolved imaging of electromagnetic tissue properties such as current density and conductivity by externally injected current \[[@b8-inj-1734878-439],[@b10-inj-1734878-439],[@b12-inj-1734878-439]\]. Recently, Kranjc et al. \[[@b3-inj-1734878-439]\] applied the MREIT method to electroporation, which is a typical voltage-controlled electrical stimulation, to map the electric field in biological tissues. From the measured current density and conductivity, the researchers imaged the electric field by simply applying Ampere's law and Ohm's law. However, there was no consideration for actual tissue conditions such as anisotropy.

Since biological tissues are composed of numerous components with or without anisotropic properties, the effects of tissue anisotropy should be considered in actual situations \[[@b13-inj-1734878-439]\]. Recently, Kwon et al. \[[@b14-inj-1734878-439]\] reported a novel MREIT method to map anisotropic conductivity by adopting a conductivity tensor model inferred from a water diffusion tensor. Their diffusion tensor MREIT (DT-MREIT) method images the directional information of water molecules from diffusion tensor imaging (DTI) and magnitude information from MREIT imaging. Finally, the researchers calculated a scale factor, which combines the water diffusion tensor with the local distribution of the current density measured from the z-component of the magnetic flux density. From numerical simulations and tissue phantom imaging experiments \[[@b15-inj-1734878-439]-[@b17-inj-1734878-439]\], the DT-MREIT images well demonstrated the enhanced signal intensity in strong anisotropic tissues.

The purpose of this study is to experimentally show the electric field of biological tissues during voltage-controlled electrical stimulation. Applying the DT-MREIT method to bovine muscle tissue with strong anisotropy, we imaged the electric field based on the current density and anisotropic conductivity of the muscle tissue. For comparison, we mapped the electric fields using both isotropic and anisotropic reconstruction methods. We measured the values of the electric field components for a quantitative analysis.

MATERIALS AND METHODS
=====================

Setup for Imaging Experiment
----------------------------

Five chunks of bovine muscle were used for the DT-MREIT imaging experiments ([Fig. 1A](#f1-inj-1734878-439){ref-type="fig"}). The bovine muscle was purchased from a local butcher. Each chunk arrived at our laboratory on the morning of the experiment, and the elapsed times from butchery were almost the same for all cases. The muscle was cut immediately into 15×8×8-cm^3^ blocks for the imaging experiment at a room temperature of 20˚C. To apply electric pulses, two stimulating electrodes with a 30-mm distance were inserted into the muscle tissue at a depth of 50 mm ([Fig. 1B](#f1-inj-1734878-439){ref-type="fig"}). The electrodes were insulated by a heat-shrink tube except for 2 mm at the tips. For electrical stimulation, 128 electric pulses were applied through the electrodes with a 100-V amplitude and 100-μs width using a voltage stimulator (BIOPAC Systems Inc., Goleta, CA, USA) ([Fig. 1C](#f1-inj-1734878-439){ref-type="fig"}). The electric pulses from the voltage amplifier operated in synchronization with MR trigger signal ([Fig. 1D](#f1-inj-1734878-439){ref-type="fig"}). After muscle tissue preparation, the imaging object was located inside the bore of a 3T MRI system (Achieva TX, Philips, Amsterdam, the Netherlands) ([Fig. 1A](#f1-inj-1734878-439){ref-type="fig"}).

DT-MREIT Imaging
----------------

For DT-MREIT data acquisition, we first used a single-shotspin-echo echo planer imaging MR pulse sequence (repetition time/echo time=3,500/70 msec) to collect diffusion tensor data with *b* values of 500 sec/mm^2^. In addition, reference MR data without a diffusion gradient were obtained to calculate the diffusion tensor. Then, we applied a multigradient-echo MR pulse sequence to acquire the induced magnetic flux density (*B~z~*) data during the electrical stimulation. The imaging parameters were as follows: TR/TE=200/1.6 msec, ES (echo spacing)=2.3 msec, NE (number of echoes)=32, FOV (field-of-view)=200×200 mm^2^, imaging matrix=128×128, and imaging time=51.2 sec. We collected the raw data of the DT-MREIT from the MR spectrometer after data acquisition. Using the raw data, we applied a previous simpler method (*J*-substitution method) to the isotropic electric field and projected current density method, combining this with DTI information, for the anisotropic electric field.

Electric Field Reconstruction
-----------------------------

To map the electric field, we first calculated the current density information of the muscle tissue. Since we could acquire only one component (*B~z~*) of the magnetic flux density B=(*B~x~*, *B~y~*, *B~z~*) from the MREIT data, we applied the projected current density method for recovering 3-dimensional current density information from the measured *B~z~* data \[[@b14-inj-1734878-439],[@b18-inj-1734878-439]\]:
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where J^0^ is the current density calculated from a 3-dimensional model with uniform conductivity subject to the same boundary conditions as used in the imaging experiments. $B_{z}^{0}$is the z-component of B corresponding to the calculated current density J^0^.

In this step, we assumed a linear relationship between the conductivity tensor and the water diffusion tensor to discriminate tissue anisotropy \[[@b14-inj-1734878-439]\]. Specifically, the directional properties of both water molecules and ions have the same conditions because they are in the same structural environment. Based on this relationship, a conductivity tensor (C) can be defined as a scalar multiple of the water diffusion tensor (D):
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where η is the scalar factor. Using the diffusion tensor D obtained from a DTI scan and the recovered projected current density J^P^ from an MREIT scan, we can reconstruct the position-dependent scale factor η as
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where *u*^0^ is the calculated voltage from the model with uniform conductivity distribution. The conductivity tensor C, then, is computed with this relationship. Finally, we obtained the conductivity tensor as a 3×3 matrix, and computed the electric field by multiplying the inverse of the conductivity tensor by the current density vector.

RESULTS
=======

DT-MREIT Images
---------------

[Fig. 2](#f2-inj-1734878-439){ref-type="fig"} shows typical results of DT-MREIT imaging during electrical stimulation. The MR magnitude image in [Fig. 2A](#f2-inj-1734878-439){ref-type="fig"} indicates the anatomical structure of the muscle tissue and the location of the stimulating electrodes. The color-coded fractional anisotropy map ([Fig. 2B](#f2-inj-1734878-439){ref-type="fig"}), which was obtained from the diffusion tensor image, shows the directional information of the muscle tissue in 3 directions. The map provides only information on ion mobility, without any information on the concentration of ions. The measured magnetic flux density (*B~z~*) and projected current density (J^P^) images ([Fig. 2C](#f2-inj-1734878-439){ref-type="fig"}, [D](#f2-inj-1734878-439){ref-type="fig"}) provide prior knowledge for mapping the electric field when the therapeutic pulses are injected. The current density image indicates the internal current flows that exist not only at the electrodes but also in the surrounding regions.

Electric Field Map of Muscle Tissues
------------------------------------

[Fig. 3](#f3-inj-1734878-439){ref-type="fig"} shows the results of the electric field map for the muscle tissue. The position-dependent scale factor η ([Fig. 3A](#f3-inj-1734878-439){ref-type="fig"}) was obtained by incorporating the measured diffusion tensor with the recovered projected current density. In this step, we implemented the anisotropy of the muscle tissue using the method that is mentioned in the methods section \[[@b14-inj-1734878-439]\]. The elliptical conductivity tensor in [Fig. 3B](#f3-inj-1734878-439){ref-type="fig"}, which was obtained from the white rectangle in [Fig. 3A](#f3-inj-1734878-439){ref-type="fig"}, provides information on the intensity and direction of the tensor in the anisotropic muscle tissue. After recovering the conductivity tensor using the relationship in equation 2, we mapped the electric field of the muscle tissue. The electric field maps were reconstructed from the equivalent isotropic conductivity distribution ([Fig. 3C](#f3-inj-1734878-439){ref-type="fig"}) using the previous method and the anisotropic conductivity tensor ([Fig. 3D](#f3-inj-1734878-439){ref-type="fig"}) using the projected current density method. Comparing the two methods, the anisotropic reconstruction method had wider coverage and enhanced signals in the electrodes and surrounding tissues owing to the consideration of tissue property.

Quantification
--------------

[Table 1](#t1-inj-1734878-439){ref-type="table"} shows a comparison of electric field strength for the isotropic and anisotropic reconstruction methods. We measured the electric field values of the muscle tissue from a region of interest (ROI) of a 5×5-pixel size. The ROI was positioned between the 2 electrodes, and is marked in [Fig. 3A](#f3-inj-1734878-439){ref-type="fig"}. The signal intensity of the anisotropic method was more than 2 times higher than the results of the isotropy for the 3-directional and absolute electric fields. Since all experimental conditions were the same, the difference between the 2 methods originated from the degree of tissue anisotropy.

DISCUSSION
==========

In the treatment of urinary disorders, electrical stimulation is considered to be a useful therapy for an irritable bladder. In addition, electrical stimulation can be used as an effective treatment to overcome the limitations of conservative treatment and anti-muscarinic drug therapy \[[@b19-inj-1734878-439]\]. Electrical stimulations are widely used as therapeutic techniques that are closely related to the electric fields inside the human body \[[@b2-inj-1734878-439],[@b3-inj-1734878-439],[@b20-inj-1734878-439],[@b21-inj-1734878-439]\]. Since the electric field is affected by the injected currents, voltages, and electrical conductivities of biological tissue, a map of voltage, current density, and magnetic flux density can provide meaningful information to monitor and estimate tissue responses \[[@b9-inj-1734878-439]-[@b11-inj-1734878-439]\]. Most biological tissues exhibit unique electromagnetic properties with a degree of anisotropic characteristic \[[@b12-inj-1734878-439]-[@b17-inj-1734878-439]\]. If we directly apply electric field estimation using an equivalent isotropic conductivity distribution, it could provide incorrect information about tissue conditions. When we mapped the tissue anisotropy, there was no imaging modality that could provide information on both the movement and concentration of existing ions.

Recent advances in biomedical engineering provide an opportunity to overcome technical limitations in mapping electromagnetic tissue properties with electrical stimulation \[[@b3-inj-1734878-439],[@b19-inj-1734878-439],[@b20-inj-1734878-439]\]. The DT-MREIT method successfully produced quantitative maps of anisotropic conductivity tensor distribution by combining the directional water mobility information from DTI and the ion concentration information from MREIT. In this study, we introduced a recent DT-MREIT method to better apply it to a real situation. The current density distribution of muscle tissues can provide intuitive information on the current pathway, which reflects the directional information by tissue type. The signal intensity of the current density is proportional to the magnetic flux density, which can be measured by MREIT \[[@b14-inj-1734878-439]-[@b17-inj-1734878-439]\]. The reconstructed conductivity tensor image can provide information on tissue response related to movement in the cellular environment and the average ion concentration in each voxel. DT-MREIT has advantages that can complement the limitations of existing MR-based tissue properties such as MREIT and magnetic resonance electric properties tomography. For more active translational research and applications in high-field MR systems, the signal-to-noise ratio must be improved, and the imaging time must be reduced, together with high-order shimming for field homogeneity, a precise phase unwrapping technique, and susceptibility artifact correction.

The electric field map obtained by the anisotropic reconstruction method showed different patterns from the result by the previous equivalent isotropic reconstruction method. Specifically, current density depends on the actual pathways of current flow inside the tissue, and shows their values when current flows are parallel to the fiber direction \[[@b22-inj-1734878-439]-[@b24-inj-1734878-439]\]. A contrast that is more than two times higher and wider coverage between the stimulating electrodes responding to the electric pulses indicates tissue conditions such as the degree of anisotropy. Our results suggest that the precise consideration of tissue conditions such as tissue anisotropy is important when determining and estimating the therapeutic effects of electrical stimulation. Though additional research related with this method should continue, electric field mapping using the anisotropic reconstruction method can be helpful for quantitative assessments of treatment outcomes after electrical stimulation therapy for diseases such as overactive bladder or chronic prostatitis in clinical practice. Moreover, it is necessary to establish therapeutic protocols for treatment guidelines, patient selection criteria, and effective therapy for relapsed patients.

In this study, we experimentally mapped the electric field of muscle tissue using a DT-MREIT method. Using the relationship between the diffusion tensor and conductivity tensor, we can reconstruct a realistic electric field map of the muscle tissue by enhancing the anisotropic tissue property. Further rigorous validations were performed. We expect that DT-MREIT will provide prior knowledge on tissue conditions to be used for *in vivo* human therapy.

HIGHLIGHTS
==========

\- Precise consideration of tissue conditions such as tissue anisotropy is important when determining and estimating the therapeutic effects of electrical stimulation.

\- Electric field map by an anisotropic reconstruction method showed higher and wider coverage between the stimulating electrodes responding to the electric pulses.
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![Experimental setup for muscle tissue imaging. (A) Location of muscle tissue inside radiofrequency coil, (B) electrode configuration, (C) voltage stimulator, and (D) diagram of measuring voltage-controlled electrical stimulation. MRI, magnetic resonance imaging.](inj-1734878-439f1){#f1-inj-1734878-439}

![Typical results of diffusion tensor magnetic resonance electrical impedance tomography imaging during electrical stimulation. (A) Magnetic resonance (MR) magnitude image of bovine muscle tissue, (B) color-coded fractional anisotropy (cFA) map, (C) measured magnetic flux density, and (D) projected current density distribution. L to R, left to right; A to P, anterior to posterior, S to I, superior to inferior.](inj-1734878-439f2){#f2-inj-1734878-439}

![Reconstruction of electric field map at muscle tissue. (A) Position-dependent scale factor map, (B) conductivity tensor information in region of interest, (C) electric field map by previous isotropic conductivity reconstruction method, and (D) electric field map by anisotropic conductivity reconstruction method using diffusion tensor magnetic resonance electrical impedance tomography.](inj-1734878-439f3){#f3-inj-1734878-439}

###### 

Electric field (E) values of bovine muscles (n=5) for isotropic and anisotropic reconstruction methods

  Electric field   \|E~*x*~\|    \|E~*y*~\|     \|E~*z*~\|   \|E\|
  ---------------- ------------- -------------- ------------ --------------
  Isotropic        23.9 ± 18.0   155.1 ± 9.9    0.7 ± 0.5    158.1 ± 8.7
  Anisotropic      51.9 ± 37.2   362.7 ± 22.5   28.3 ± 7.9   369.5 ± 21.0

Values are presented as mean±standard deviation.

E~*x*~, directional information from left to right; E~*y*~, superior to inferior; E~*z*~, anterior to posterior.
